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Abstract 
Current technical challenge for state-of-the-art coal power plants covers not only higher thermal efficiency, also lower CO2 
emission or easier CO2 separation and capturing. One of expected technologies to achieve it, Integrated Gasification Combined 
Cycle (IGCC) has been developed. In this study, characteristics of combustion and gasification reactions for the Datong coal 
samples have been investigated using thermo gravimetric-differential thermal analysis (TG-DTA) under different O2 
concentrations ( 5%) in a CO2-rich atmosphere by giving different heating and gas flow rates in the temperature range of 20 to 
1400 °C. The samples of residual ash were subsequently analyzed by an Energy Dispersive Spectrum (EDS) analyzer to 
investigate Carbon molecular percentage, C%. The TG-DTA results, which were carried out under the coal temperature lower 
than 1000 °C, show that O2 concentration (%) has a larger effect on C% in the residual ash. On the other hand, for the case of 
coal temperature over 1000 °C, C% has no strong dependency on O2% after gasification of the coal sample. Furthermore, a CO2 
gas laser beam was used to carry out experiments of rapid heating of coal samples over the targeted temperature in a second 
under different O2 concentrations ( 10%) by circulating Air, N2, CO2 or N2-CO2 mixing gases using with the circulating flow 
system. In the low O2 concentration range, the coal weight reduction decreases with increasing O2 concentration with a linear line 
and the weight reduction of rapid heating using with the laser beam is comparatively lower than that of TG-DTA. The present 
results might have great significance for the future of coal gasification power generation and coal seam underground coal 
gasification projects, etc. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Nowadays global warming has become prominent, CO2 emission reduction is of great urgency. According to 
statistics, in China CO2 emission from fossil energy consumption accounted for about 19% of global CO2 emission, 
of which coal-fired power plants occupied about 30% in 2005. A new gasification combustion technology, such as 
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IGCC, including CO2 capture and storage (CCS) is necessary to achieve zero emission coal power plants. In this 
method, recycled flue gas is used to control the flame temperature and make up the volume of the missing N2 to 
ensure there is enough gas to carry the heat through the boiler. As a consequence, a flue gas consisting mainly CO2 
and water steam are generated, thus CO2 can be easily separated by condensation [1]. In addition, pulverized coal 
fired power plants could be the best candidates to install CO2 capture system, of which oxy-fuel or CO2/O2 
combustion technology is expected as one of new promising methods to approach the problem of CO2 separation [2]. 
 At present, the Datong Tashan coal fired power plant in China is committed to develop innovative technology for 
coal gasification with CO2 and Oxygen combustion technology for CCS. Further understanding of physical and 
chemical properties of coal gasification and combustion is necessary in a variety of temperature conditions and CO2 
rich atmosphere. Especially, reaction characteristics of coal gasification in a CO2-rich atmosphere are required for 
next coal gasification power generation and coal seam underground coal gasification projects. The gases emitted 
from heated coal, such as CO, CO2, CH4 and other hydrocarbons have been studied [3]. 
In present study, firstly, application of TG-DTA, combustion and gasification reaction characteristics of coal 
samples were analyzed by changing temperature gradient of coal samples in a CO2-rich atmosphere, however, 
temperature gradient was restricted less than 40 ºC/min to increase temperature of coal samples. Even if O2 
concentration in flow provided around coal sample is very low, amount of O2 gas may be enough to react small 
mass of coal sample (around 30 mg) during its heating process. Consequently, coal oxidation before reaching a 
target temperature has an effect on the physical and chemical changes of coal against gas contents of atmosphere in 
the targeted temperature [4]. Thus, an experimental method is required to increase temperature gradient or make 
shorter heating period in order to simulate a commercial process. In the present experiments, the laser beam with 
enough power to heat up coal samples within a second was used. During the heating process, concentrations of CO 
and O2 were monitored, because CO is important indicating or detecting substance to investigate coal reactions in 
atmosphere with insufficient O2 [5]. Furthermore, the weight reduction ratio, x (%) of the coal samples was 
measured after the experiments against O2% in the atmosphere under various laser powers, PL (W), and its heating 
period. 
2. Analytical approach and experimental procedures 
2.1 Coal samples 
Coal samples were taken from the 8103 face of Tashan colliery in Shanxi province, China. Contents of coal 
crushed particles (0.25mm to 0.5mm in diameter) used were summarized in Table 1. Taking into account the current 
situation of Tashan coal fired power plant, experiments were carried out using representative coal pulverized of 
Datong Tashan colliery corresponding closely to the coal of power plant. Coal sample weight placed is subject to 
containers capacity, the weight was about 30mg. Experimental procedure for coal combustion and gasification 
analysis are shown in Fig.1. 
Table 1 Properties of tested coal sample 
Item Coal sample of Datong 
Ash 8.2 
Volatile matter 29.4 
Fixed carbon 62.4 
Fuel ratio (=FC/VM) 2.12 
HHV (MJ·kg-1) 30300
Proximate analysis 
(wt/% dry basis) 
LHV (MJ·kg-1) 29300
C 76.90
H 4.30 
N 0.83 
O 7.20 
S 0.67 
Combustible S 0.62 
Ultimate analysis 
(wt/% dry basis) 
Non-combustible S 0.05 
Combustion and gasification 
test of coal under rapid heating
using CO2 gas laser beam 
(Heating rate: 50-1000 °C·min-1) 
Combustion and gasification 
test of coal under slow heating 
using TG-DTA 
(Heating rate: 20-40 °C·min-1) 
Analysis of combustion and gasification 
Temp.: 
50-1000 °C 
Flow rate: 
65-450 ml·min-1
O2 (1-21%) 
CO2 (10-95%)
N2 (20-95%) 
Circulated system Non-circulated system
O2 (0-21%) 
CO2 (95-100%) 
N2 (79%) 
Temp.: 
20-1400 °C 
Flow rate: 
50-200 ml·min-1
Fig. 1 Procedures of coal combustion and gasification 
analysis using laser beam and TG-DTA 
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2.2 Reaction mechanism 
As reported by C.X. Luo et al. (2009) and J.J. Huang et al. (2002) [6,7], the processes of coal combustion and 
gasification are defined by the following reactions: 
a) Combustion Reactions: 
C+O2CO2                                                                                  (1) 
C+1/2O2CO                                                                              (2) 
b) Gasification Reactions: 
C+CO22CO                                                                               (3) 
C+H2OCO+H2                                                                                                                  (4) 
C+2H2CH4                                                                                                                           (5) 
Reaction equations (1) and (2) are exothermic processes, and reaction equations (3) to (5) are endothermic 
processes. Carbon in coal matrix reacts with oxygen to form CO or CO2 which one is main existing form; there are a 
lot of controversies. In general, the proportion of CO/CO2 products increases gradually when temperature is raised 
and pressure is decreased. CO is the main product at the reaction temperature over 1027 °C [8]. 
2.3 Definition of weight loss ratio on TG curves 
Thermo gravimetric (TG) analysis is an established method used to study coal oxidation reactions. The reaction 
conversion rate of coal weight loss, x is defined as 
m
mmx t 0                                (6) 
where m0 is initial sample mass in mg, mt is sample mass at elapsed time t, in mg, and m is the total mass of coal 
sample tested in the experiment in mg. 
The TG output showing the ratio of coal sample to reference material (Al2O3) needs to be adjusted before 
commencement of TG-DTA experiments. The empty weight of a platinum cup for the coal sample was calibrated 
manually to 0 mg when the output was stable. 
TG cell temperature () was set with a linear gradient against time t in the measurements: 
t 0                                                                                 (7) 
where  is cell temperature in °C, 0 is initial temperature in °C, and  is temperature gradient in °C·min-1. 
2.4 Conversion factor for heat generation against DTA output 
According to the differential thermal analysis (DTA), the electric potential difference indicates heat generating 
rate. Assuming Q* (V) used in Equation (8) is DTA voltage output against heat generating rate per unit mass, 
q(J·min-1·mg-1) and A is a conversion factor from V to J·min-1, q is expressed as 
m
AQq
*

                                                                         (8) 
Total combustion heat of Datong Coal was measured as H = 30300kJ·kg-1 = 30.3 J·mg-1. It was assumed that 
cumulative values of the DTA curve are equal to cumulative total heat of combustion in the air. This was integrated 
from 0 to 40 min using equation (9) 
 		


 40
0
*40
0
*
0 ·)()(
i
i tQm
AdttQ
m
AtdtqH                                                   (9) 
where t (min) is DTA output interval of 1 min. The relationship between cumulative heat from time 0 to t and t is 
shown in Fig. 2 with TG curve (x-t). The conversion factor value was calculated from the value at 40 min as A = 
0.17 J·min-1·V-1. 
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Fig. 2 TG-DTA curve of coal combustion in air 
2.5 Experimental apparatus and procedure using laser beam 
Experiments have been carried out with the apparatus with a glass vessel covered a glass plate with a hole 10 mm 
in diameter, so the vessel was not completely sealed to make pass of the laser beam (30W CO2 Gas Laser) and two 
air pumps to circulate gas flow through the vessel in which a coal sample was placed in a ceramic cup 5 mm in 
diameter which is same one used for TG-DTA. The experimental apparatus is schematically shown in Fig. 3. The O2 
concentration of the vessel was controlled by gas injection rate into the circulated flow system. Gas flow after 
mixing the gas with circulating gas was provided to the coal samples placed on the bottom of the vessel. Generated 
gas from the heated coal sample was simultaneously transferred to the gas monitors by using two air pumps (total 
flow rate is 200 ml·min-1). The heating was done 2 minutes with temperature gradient of 50 to 500 °C·min-1 by 
controlling the laser power, PL. The typical curves of temperature rise within 1 minute after start of heating detected 
by a thermo camera (NEC SANEI, Model 7102MX) are shown against PL in Fig. 4. 
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Fig. 3 Schematic diagram of experimental apparatus Fig. 4 Coal temperature VS. laser beam power, PL 
The concentrations of CO and O2 gases in the glass vessel were measured in circulating pass from the vessel with 
time interval of 1 s by using CO monitor (Horiba Co., Ltd., Model VA 3001CO, resolution: 1ppm) and O2 detector 
(New Cosmos Co., Ltd. Model XO-326AL). 
3. Results and discussion 
3.1 Effects of Oxygen concentration using TG-DTA 
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For the TG-DTA analysis, the final temperature was set to 1400°C with a temerature gradient of =20 °C·min-1 
and gas flow rate of 100ml·min-1. Fig. 5 showed TG-DTA measurements for gas injection O2 concentrations, the 
coal burning rate by injecting a 95%CO2+5%O2 gas mixture is faster, and its conversion time is shorter than that of 
injected 100%CO2 gas. 
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Fig. 5 Coal mass loss curves of different O2% Fig. 6 Differential thermal curves of different O2% 
As shown in Fig. 6, the heat generation rate of coal samples by injecting gas of 95%CO2+5%O2 is larger than that 
of pure CO2 gas. This is due to coal oxidation and combustion being an exothermic process, but the gasification 
reaction of coal and CO2 is an endothermic process (refer to “reaction mechanism”). Furthermore, a dip and peak 
occurred on the DTA curve under 97% and 100% CO2 injection. The minimum point of the dip is at around 1160°C, 
and the maximum point of the peak is observed at around 1300°C. The valley may reflect the known phenomenon 
where gasification absorbs heat to produce a differential thermal drop. This occurs through coal sample residues 
produced in the gasification react with CO2 to further promote coal conversion when coal temperatures reach to 
1100°C. In addition, the data showed that the chemical reaction of coal in the CO2 atmosphere differs from gases 
containing O2, heat generation was conducted by complex gasification reactions between coal and CO2 (with a small 
H2O content) in the high-temperature range. 
3.2 Effect of temperature gradient and gas flow rate using TG-DTA 
In order to understand the chemical properties of coal in multiple perspectives, another programmed analysis was 
conducted with increasing temperature gradient to 30 °C·min-1 with gas flow rate of 100 ml·min-1 or 40 °C·min-1 
with gas flow rate of 50 ml·min-1. TG and DTA results are shown in Fig. 7 and 8, respectively. By comparing the 
previous experiments with low temperature gradient, the reaction time by setting larger temperature gradient was 
shortened for same gas flow rate, but coal mass loss is mainly dependency on gas flow rate instead of temperature 
gradient for the same termination temperature. In the same manner, heat generation values increase significantly 
with increasing heating rate, which accelerate the series of coal chemical reactions. 
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Fig. 7 TG curves of different gas flow rate and  Fig. 8 DTA curves of different gas flow rate and  
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3.3 Effect of O2 Concentration on Residual Ash 
Based on the experimental results, coal combustion properties and reaction products in a CO2-rich atmosphere 
differ from atmosphere containing O2. The TG-DTA experiments were conducted at maximum temperatures of 
1000°C, 1200°C and 1400°C, with injected gas of 1 -5% O2, gas flow rate of 100ml·min-1 and = 20°C·min-1. 
Residual ash samples after the heating process were analyzed by an EDS analyzer to investigate the C% (Fig. 9). 
The C% at 1000°C before gasification and 1400°C after gasification do not show strong independency on O2%. 
However, trend of C% against temperature shows that the greater the atmospheric O2% at 1200°C the less residual 
value of C% was measured in the gasification stage. Therefore, a small percent of O2 may promote of CO2 reduction 
reactions. 
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Fig. 9 Residual C% against O2% in CO2 Fig. 10 Comparison of x with different gases injection 
3.4 Measurement results using laser beam in CO2 or N2 rich atmosphere 
In the experiments using CO2 gas laser, the laser power was set up from 1 to 10W with gas flow rate of 65- 
450ml·min-1; the ambient gases were given with 10%O2 controlled by changing flow rate of the CO2 and N2 
injection; the heating period was 2 min. The heating tests of pulverized coal were conducted in a glass vessel under 
the atmospheric pressure, and O2 was remained by air coming into the vessel from the air, but the ambient gases 
were controlled to 50%CO2, 40%N2 and 10%O2 by injecting CO2 with monitoring the O2 concentration. The 
measurements results of weight reduction ratio, x (%) are shown in Fig. 10. When atmospheric temperature is > 
300°C, coal mass loss of injected CO2 mixture gas is obviously larger than that of injected N2; the reason is that coal 
gasification with CO2 gas further promotes coal conversion. This conclusion indicates the feasibility of oxy-fuel or 
CO2/O2 combustion technology. Figures 11 and 12 show CO gas concentration or amount generated with CO2 gas 
injection is higher than that of N2 gas injection under the same condition. As a result, CO gas generation increases 
with higher laser beam power to get higher temperature of coal samples,and with low O2 concentration or high CO2
concentration. Thus, it is feasible to replace the action of N2 with CO2 for coal gasification process. 
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Fig. 11 CO gas generation of coal by CO2 gas injection Fig. 12 CO gas generation of coal by N2 gas injection 
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3.5 Differences of coal reaction by heating with laser beam for different gas mixture provided 
Four types of circulated gas, which were analyzed in the circulated flow line, were set up as Air, pure N2, pure 
CO2 and N2-CO2 mixing gas (80%N2-20%CO2). Circulating flows including 5%O2 and 10%O2 were obtained with 
gas flow rate of 450 ml·min-1 and 150 ml·min-1, respectively. 
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Fig. 13 CO gas generation for air and 5%O2 atmosphere Fig. 14 CO gas generation for air and 10%O2 atmosphere 
For the measurement condition of the four types of gas atmosphere, the laser power: 2.5W, temperature gradient: 
about 100 °C·min-1 and heating period: 2 minutes, the measurement results of CO gas generation concentration are 
shown in Fig. 13 and 14 for 5% and 10% of O2 concentration, respectively. The CO gas generation by injecting the 
N2-CO2 mixture gas shows a middle position between the results of pure N2 and pure CO2 injections, which 
indicates amount of produced CO gas is strongly dependency on both of coal temperature and O2 concentration in 
the atmosphere. 
3.6 Comparisons of coal mass loss with different heating rate and oxygen concentration 
Summarizing the previous experiments, experimental procedures were applied to make minimizing O2 
concentration in the glass vessel. The weight reduction ratio of coal samples by heating with the laser power of 10W 
and heating period of 1 min was plotted against the O2% as shown in Fig. 15. The weight reduction is mainly due to 
coal gasification when O2 concentration is low, but it shows strong dependency of coal combustion when O2 
concentration of the flow provided for coal samples is enough high. The coal weight reduction decreases with 
increasing O2 concentration with a linear line. In the low O2 concentration range, the weight reduction of TG-DTA 
for final temperature of 1000°C and heating rate of 20°C·min-1 is comparatively higher than that of the laser heating 
with final temperature of 1000°C and heating rate of 1000°C·min-1. 
0.1
0.2
0.3
0.4
0.5
0.6
0 3 6 9 12 15 18 21
O2 concentration (%)
 W
ei
gh
t r
ed
uc
tio
n 
(m
g·
m
g-
1 )
TG-DTA: 1000°C,
100ml·min-1, 20°C·min-1 
Laser beam: 1000°C,
100-300ml·min-1, 1000°C·min-1
 
Fig. 15 Weight reduction ratio VS. O2% with comparing different heating rate by laser beam and TG-DTA 
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4. Conclusion 
In this study, coal gasification characteristics of Datong coal in a CO2-rich atmosphere have been investigated. 
The coal samples were analyzed by mass loss, heat generation and CO gas generation using TG-DTA and the CO2 
laser beam by setting different temperature gradients. Based on the results of TG-DTA and rapid heating with the 
laser beam, the O2% has an important function on coal physical and chemical gasification behaviours. 
The present measurement results are summarized as follows; 
1. In a CO2-rich atmosphere with low O2 concentrations less than 5%, the coal heat generation rate was lower in the 
temperature range lower than 1000°C, but few percent of O2 has promoted the reaction between coal and CO2 in 
the temperature range over 1000°C. 
2. Coal gasification in pure CO2 atmosphere has been detected in the temperature range of 1100 to 1300°C. 
3. CO gas generation rate increases with higher temperature of coal heated by the CO2 laser beam and with lower O2 
concentration less than 10% in the atmosphere. 
4. In the low O2 concentration range, the coal weight reduction decreases with increasing O2 concentration with a 
linear line and the weight reduction of rapid heating using with the laser beam is comparatively lower than that of 
TG-DTA. 
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